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of ecosystems to environmental changes. Our aim was to evaluate the relative 53 role of different drivers in shaping the diversity patterns of vertebrate 54 herbivores, a group of organisms exerting a strong trophic influence in 55 terrestrial Arctic ecosystems. This biome, traditionally perceived as 56 homogeneous and low in biodiversity, includes wide variation in biotic and 57 physical conditions and is currently undergoing major environmental change.
58
Location The Arctic (including the High Arctic, Low Arctic and Subarctic) 59 Methods We compiled available data on vertebrate (birds and mammals) 60 herbivore distribution at a pan-Arctic scale, and used eight variables that 61 represent the most relevant hypotheses for explaining patterns of species 62 richness. We used range maps rasterized on a 100 km 3 100 km equal-area 63 grid to analyse richness patterns of all vertebrate herbivore species combined, 64 and birds and mammalian herbivores separately.
INTRODUCTION
85 Biodiversity plays a key role in maintaining the stability of 86 ecosystems facing anthropogenic environmental changes 87 (Hautier et al., 2015) . In addition to the role of evolutionary 88 processes and species dispersal, current biodiversity patterns 89 are strongly determined by environmental constraints. 90 Understanding what shapes patterns of biodiversity, particu-91 larly for groups of organisms with key functional roles in 92 ecosystems, will improve predictions about the responses of 93 ecosystems to ongoing environmental changes. Despite recent 94 attempts to document biodiversity and to anticipate the 95 effects of rapid and unprecedented change in the Arctic (e.g. 96 CAFF, 2013) , analyses of diversity patterns, and especially of 97 their drivers, are still lacking for this region. Given the rela-98 tive simplicity of Arctic food webs and the extreme abiotic 99 conditions, the Arctic has been proposed as a model for 100 understanding the interactions between biotic and abiotic 101 elements in ecosystem functioning. Furthermore, as a 102 temperature-limited system that is rapidly warming due to 103 climate change, the Arctic may be regarded as a bellwether 104 for the changes to come in other systems (Post et al., 2009) . 105 Herbivores have a pervasive effect on the structure and 106 dynamics of tundra ecosystems (Bråthen et al., 2007; Olofsson 107 et al., 2012) and can moderate the effects of climate change 108 on plant growth (Olofsson et al., 2009) . The composition of 109 herbivore communities may play a crucial role in determining 110 the impacts of herbivory on the structure and dynamics of 111 ecosystems (Ritchie & Olff, 1999) and their associated proc-112 esses (Metcalfe & Olofsson, 2015) . Understanding how the 113 diversity of herbivores varies across the Arctic can help disen-114 tangle the various outcomes of plant-herbivore interactions in 115 the tundra; something of great importance given the scope 116 and pace of change occurring in the Arctic. 117 The mechanisms behind large-scale patterns of biodiversity 118 have been discussed by ecologists for decades, and several non-119 exclusive hypotheses have been proposed with different levels 120 of empirical support (Table   T1 1). However, the relative impor-121 tance of the underlying processes may differ between specific 122 guilds (Kissling et al., 2012) and drivers of herbivore diversity 123 have not been extensively investigated (but see Olff et al., 2002, 124 for temperate and tropical areas). Here, we test eight explana-125 tory variables (with their underlying hypotheses; see Table 1 ) 126 to explain large-scale geographical patterns of herbivore species 127 richness in the Arctic. In global analyses, one of the most sup-128 ported hypotheses is the 'species-energy' hypothesis (Wright, 129 1983; Currie, 1991) , which states that higher energy availability, 130 either through the amount of energy entering the system 131 (ambient energy, H1a) or through productivity (productive 132 energy, H1b), allows more species to coexist. Broad patterns of 133 species diversity in the Arctic, with decreasing species richness 134 with increasing latitude, have been related to decreases in pri-135 mary productivity associated with lower temperatures at higher 136 latitudes (Legagneux et al., 2014) . However, the relative influ-137 ence of ambient versus productive energy as a driver of diver-138 sity of Arctic species has not been evaluated. Kerr & Packer, 1997) in an area. graphic heterogeneity has often been used as a surrogate for 148 microclimatic conditions in broad-scale studies (Sandom 149 et al., 2013) ; it seems to be a strong driver of mammal spe-150 cies richness at lower latitudes (Davies et al., 2007) and may 151 also increase local diversity of terrestrial vertebrates in the 152 Arctic (CAFF, 2013) .
153
Other potential drivers of broad-scale patterns of species 154 richness relate to historical and geographical influences, eda-155 phic factors and biotic interactions (Field et al., 2009 (Hawkins et al., 2003b) and the colonization of particular 166 Arctic regions (Normand et al., 2013) (Oksanen et al., 2013) .
178
Edaphic factors (H5) can also influence the distribution of 179 herbivore species through their effects on plants. Soil pH is a 180 main driver of vascular plant species richness in tundra 181 (Gough et al., 2000) and may thus drive the diversity of its 182 primary consumers (Jetz et al., 2009 ).
183
The role of biotic interactions (H6) at large spatial scales 184 is increasingly recognized (Sandom et al., 2013; Wisz et al., 185 2013) . Competition for resources and predation are the most 186 investigated biotic interactions influencing species richness, 187 and are equally able to promote or limit herbivore diversity 188 (Chesson & Kuang, 2008) . Plant productivity (H6a) is 189 strongly correlated to herbivore biomass and diversity in ter-190 restrial ecosystems (McNaughton et al., 1989) . However, 191 more productive systems can sustain higher trophic levels 192 that can control herbivore diversity (Oksanen et al., 1981) . In between richness patterns (Kissling et al., 2012) .
274
Drivers of herbivore species richness in the Arctic
275
The explanatory variables considered in this study ( Univariate relationships between each explanatory variable 325 and the responses were visually inspected for linearity 326 (Appendix S1). We tested for collinearity and multicollinear-327 ity among explanatory variables, using pairwise linear corre-328 lations and variance inflation factors (VIFs). Predator species 329 richness was correlated with NDVI (r 5 0.56); therefore, to 330 assess the relationship between predator species richness and 331 herbivore richness, independent of NDVI, we took the resid-332 uals of the regression predator richness-NDVI and included 333 them in the models. This approach assigns priority to one of 334 the variables over the shared contribution, assuming that one 335 variable is functionally more important than the other (Gra-336 ham, 2003) . We checked the implications of this assumption 337 by rerunning the models with the residuals of the regression 338 NDVI-predator richness. Results were essentially the same 339 (Appendix S3); therefore, the results presented here are from 340 the first approach. Mean annual temperature was correlated 341 to NDVI (r 5 0.42) and soil pH (r 5 20.42). Inclusion of 342 mean annual temperature and NDVI in the models suggested 343 collinearity problems in the model averaging process (see 344 below). As these variables represent different aspects of the 345 species-energy hypothesis and we were interested in assessing 346 the relative role of each, we followed the same procedure as 347 above to statistically separate their effects, taking the residuals 348 of the regression NDVI-mean temperature. All other pairwise 349 correlations had r < 0.4, and VIF values for the explanatory 350 variables were <1.6 in all cases. This approach allowed us to 351 test the direct, independent effects of the explanatory varia-352 bles. All explanatory variables were standardized before 353 including them in the models, so that estimates of coeffi-354 cients are directly comparable. Table S1 .2 in Appendix S1 for the top-ranking 
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Global Ecology and Biogeography, 00, 00-00, V C 2016 John Wiley & Sons Ltd 409 birds ranged between 1 and 10 species (median 5) and was 410 highest in Eurasia, around the Ob River, and in the Siberian 411 Low Arctic east of the Lena River (Fig. 1b) . 412 The richness of mammalian herbivores showed the highest 413 congruence (r 5 0.87) with overall herbivore species richness, 414 while the richness of birds overlapped little with overall her-415 bivore richness (r 5 0.40). Species richness of birds did not 416 overlap with that of mammalian herbivores (r 5 20.11; Fig. 417 S1.6 in Appendix S1). 418 Drivers of herbivore species richness in the Arctic 419 Based on the associated Akaike weights, no single model had 420 strong support, further justifying the use of model averaging 421 procedures. For instance, the cumulative Akaike weight for 422 models with DAIC < 2 (Table S1 .2 in Appendix S1) was 0.45 423 in the case of all herbivores, 0.50 for birds and 0.53 for 424 mammals. The 95% credibility sets, i.e. the set of models 425 that include the best approximating model with 95% confi-426 dence (cumulative Akaike weight 0.95), included 41 models 427 in the case of all herbivores, 32 for birds and 50 for mam-428 mals. Variable importance scores consistently showed NDVI 429 and predator species richness to be the most important vari-430 ables across herbivore groups (Fig.   F2 2). Mean temperature was 431 more important in the models for all herbivores than those 432 for birds and mammals, while distance to the coast was 433 important in avian and mammalian models but not in the 434 model including all herbivores. 435 Patterns of herbivore species richness in the Arctic were 436 consistently and positively correlated with NDVI (H1a and 437 H6a) and with species richness of predators (H6b); other 438 explanatory variables had minimal effects or affected only 439 some subgroups of herbivores (Fig.   F3 3). Overall species rich-440 ness of herbivores was greater in warmer areas with higher (Fig. 4b,c) . Interestingly, we found (Epstein et al., 2012) and to study 487 interactions between herbivores and plants (Olofsson et al., 488 2012; Doiron et al., 2015) . These hypotheses may thus be predator strategies of prey (Ruifrok et al., 2015) . An alterna-512 tive, non-exclusive explanation is that increased herbivore 513 diversity is driving predator species richness. Predator and 514 prey species richness can be strongly associated at broad spa-515 tial scales, even when the effects of other environmental Variable importance scores for all herbivores (green), herbivorous birds (purple) and herbivorous mammals (orange). The relative importance of each variable is calculated summing the Akaike weights for all models in which that variable appears. Variable weight can be interpreted as the probability of that variable being a component of the best model, and can be used to rank the predictors in order of importance. NDVI, normalized difference vegetation index; LGM, Last Glacial Maximum. Model averaged coefficients for drivers of species richness of all herbivores (green), herbivorous birds (purple) and herbivorous mammals (orange). All predictors were standardized, so coefficients are directly comparable. Coefficients were averaged across all models, and means and 95% CI are shown. Coefficients different from zero (i.e. not overlapping the vertical dashed line) had a significant effect on species richness of herbivores. NDVI (R): effect of normalized difference vegetation index (NDVI) independent of mean annual temperature. Predator species richness (R): effect of predator species richness independent of NDVI. LGM, Last Glacial Maximum. 516 drivers are taken into account (Sandom et al., 2013) . 517 Bottom-up (prey-to-predator) effects seem to be stronger 518 than top-down predator forces at a global scale (Sandom 519 et al., 2013) , but the strength of bottom-up and top-down 520 control of herbivore populations may also depend on pri-521 mary productivity (Oksanen et al., 1981; Legagneux et al., 522 2014) .
523
When analysed separately, species richness of avian and 524 mammalian herbivores showed contrasting patterns with 525 respect to distance to the coast. Higher values of mammalian 526 species richness were associated with areas farther from the 527 coast, while greater numbers of bird species were associated 528 with coastal areas. These patterns were not evident for the I. C. Barrio et al. 542 areas may be other factors involved. Additionally, coastal loca-543 tions in the Arctic provide subsidies to predators from marine 544 ecosystems that can then maintain more abundant populations 545 (Gauthier et al., 2011; Therrien et al., 2014) .
546
Glaciation history, environmental heterogeneity and eda-547 phic conditions (soil pH) had no detectable effect on the 548 observed patterns of herbivore richness. In the case of glacia-549 tion history, there was a non-significant trend towards higher 550 diversity of mammals in areas that remained ice-free. The 551 fact that we did not detect a strong signal of glaciation his-552 tory might also be related to the coarse resolution of our 553 grid cells (100 km 3 100 km), since studies presenting strong 554 support for the role of glaciation history have been con-555 ducted at finer spatial scales (e.g. Normand et al., 2013) . 556 Current distribution patterns of terrestrial mammals in the 557 Arctic are linked to the distribution of refugia that remained 558 ice-free during the LGM, and may reflect patterns of coloni-559 zation into newly forming tundra habitats as ice retreated 560 during the Holocene (Waltari & Cook, 2005) . Historical 561 influences on broad-scale species richness patterns might be 562 masked by present-day environmental drivers and fine-scale 563 analyses would be needed to resolve their influence (Hawkins 564 et al., 2003b) . Moreover, most herbivorous birds in the Arctic 565 are migratory, so they may be less constrained by glacial his-566 tory of an area as they may more easily colonize newly degla-567 ciated areas.
568
Our results suggest the importance of considering adjacent 569 trophic levels when investigating patterns of herbivore species 570 richness in the Arctic and the complex nature of plant-571 herbivore-predator interactions. The need to include biotic 572 interactions and food-web approaches to study the function-573 ing of changing tundra ecosystems has been recently high-574 lighted (Gauthier et al., 2011; Legagneux et al., 2014) . The 575 inclusion of abundance data for herbivore populations would 576 increase our understanding of the relative importance of pro-577 ductivity and predator-prey interactions as drivers of species 578 diversity through food webs, but reliable information is only 579 available for some species (CAFF, 2013) . Furthermore, high-580 quality data on the distribution of herbivores at finer tempo-581 ral and spatial scales will be needed to further understand 582 the drivers of herbivore diversity in the Arctic. For example, 583 range maps represent species distribution without a temporal 584 reference, which might limit our ability to detect environ-585 mental correlates of species richness if species are shifting 586 ranges, as predicted under ongoing global change or, at a 587 finer temporal resolution, for migratory species. It must be 588 kept in mind that, given the coarse spatial resolution of the 589 data available, discarding pixels that encompassed more than 590 50% ice-covered land in 100 km 3 100 km pixels results in 591 the loss of information from many High Arctic islands (e.g. 592 Svalbard or many islands of the Canadian Arctic Archipel-593 ago). Ice-and snow-covered land can serve as an important 594 habitat for a number of species of mammals and birds (Ros-595 vold, 2016 
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